The fawn cusk-eel Lepophidium profundorum (Ophidiidae) has an unusual sound-producing system with sexually dimorphic sets of antagonistic muscles. Outside the mating season, the dorsal and ventral muscles are well developed and larger in males than in females, but the tiny intermediate muscles are smaller, suggesting a minor role, if any, in male advertisement call production. We examined summer individuals with more developed gonads and find a fourfold hypertrophy of the intermediate but not the other muscles. This result suggests androgen dependence and an important role in sound production for the intermediate muscle. Even though both sexes gain weight in the summer, the ventral and dorsal muscles in females lose weight, suggesting that sound production is less important in females and that muscle mass may be used to support egg growth.
INTRODUCTION
Fish swim-bladder sounds are driven by the fastest vertebrate muscles (Ladich & Fine 2006) , which produce a forced response so that muscle contraction rate determines the fundamental frequency of the sound, i.e. a 200 Hz contraction in the oyster toadfish produces a fundamental frequency of 200 Hz ( Fine et al. 2001) . Recently, we discovered that carapid fishes produce sounds with slow muscles that stretch an elastic fenestra on the swim bladder until a catch is released, causing the bladder to snap back and produce a sound pulse (Parmentier et al. 2006b ). Unlike other sonic swim-bladder mechanisms, muscle contraction rate would not determine the frequency in fishes with slow muscles.
Little is known about acoustic communication in deep-sea fishes (Mann & Jarvis 2004) . Ophidiid fishes, closely related to carapids, are the dominant group of benthic deep-sea fishes in tropical and subtropical areas (Nielsen et al. 1999) , and sounds of only one shallowwater species in the family (Ophidion marginatum) have been recorded (Mann et al. 1997 Ophidion marginatum males produce sounds with anomalously high peak frequencies for a swim-bladder mechanism, above 1 kHz. This frequency is probably too high to be determined by muscle contraction since it would require contraction in less than 1 ms. Sonic anatomy and sexual dimorphism have been examined in several species in the family (Rose 1961; Courtenay 1971; Carter & Musick 1985; Howes 1992; Casadevall et al. 1996; Parmentier et al. 2006a; Fine et al. 2007) .
The sonic system of the fawn cusk-eel Lepophidium profundorum uses antagonistic muscle pairs: the ventral and intermediate muscles pull the swim bladder forward via a modified epineural rib, the wing-like process, and the dorsal muscle returns the bladder to its resting position by pulling on a pivoting neural arch above the first vertebra (Fine et al. 2007) . Based on the swim-bladder fenestra and antagonistic muscles, it probably uses slow sonic muscles as in carapids. Fish collected on the continental shelf in the spring and autumn had dorsal and ventral muscles that were larger in males than in females. Curiously, the small intermediate muscles were larger in females, suggesting a minor role for this muscle in male advertisement call production ( Fine et al. 2007) . Because previous work indicates that sonic muscles may be androgen sensitive (see §4), we tested the hypothesis that male intermediate muscles would hypertrophy in the summer mating season.
MATERIAL AND METHODS
Fawn cusk-eels were captured on an Atlantic NMFS cruise at approximately 100 m during July 2006 and frozen on board. Fish were thawed, weighed and measured for total length (TL). Gonads were removed, sexed and weighed in mg to calculate the gonosomatic index [(GSIZgonad weight/fish weight)!100]. Fish could be sexed externally by examining the genital region; females have a cloacal opening not present in males. The right dorsal, intermediate and ventral muscles were extracted, placed in 0.9 per cent NaCl to hydrate, blotted and weighed in mg.
Muscle weights were regressed against fish weight, and regressions from the mating season (M) were compared with previous data from samples collected in the spring and autumn (non-mating (NM) season, fish ranged from 5 to 41 g) ( Fine et al. 2007 ) by analysis of covariance using GRAPHPAD PRISM software. Whole-fish length-weight regressions were log transformed. Regression equations were used to calculate adjusted means for a 25 g or 225 mm fish. GSIs for M and NM fish were compared by a t-test.
RESULTS
M fawn cusk-eels ranged from 152 to 232 mm TL, 4.3 to 49.8 g in weight and included 28 males and 24 females. The weight of M males and females increased by 17 and 24 per cent, respectively, compared with NM fish of 225 mm (figure 1; table 1), suggesting greater food availability. The GSI increased (figure 1) from 0.087G0.011 to 0.119G 0.010 in males (t 52 Z2.452, pZ0.0088) and from 0.976G0.0198 to 1.902G0.152 in females (t 59 Z 3.773, pZ0.0002), indicating that fish were in or close to the mating season.
As previously found for NM males and females (Fine et al. 2007 ), M fish muscle weight was linearly correlated with fish weight (table 1; figure 2). The slopes of male dorsal and ventral muscles did not change seasonally, but there was a slight drop in elevations so that adjusted means for a 25 g fish decreased by approximately 13 and 8 mg, respectively, for the dorsal ( pZ0.005) and ventral muscles ( pZ0.051). The slope of the intermediate muscle did not change, but elevation increased dramatically ( p!0.0001): adjusted means increased fourfold from 7 to 27 mg. The adjusted mean for the M intermediate muscle was 27 and 11 mg in males and females, respectively. Intermediate muscle weights were bimodal with seven fish overlapping NM data. Fish were probably in different stages of maturation, and the GSI did not explain variation in muscle weights within the M samples.
The slopes of female dorsal ( pZ0.002) and ventral muscles ( pZ0.010) decreased as did the elevation of the intermediate muscle ( pZ0.026) in M fish. Decreases for adjusted means for the dorsal, intermediate and ventral muscles dropped, respectively, by 18, 2.6 and 16 mg compared with NM fish.
DISCUSSION
Sonic muscles are used to produce male advertisement calls in the shallow-water ophidiid O. marginatum (Mann et al. 1997) . Many male sonic fishes have sexually dimorphic muscles and are more vocal than females, and female sonic muscles may be smaller or even absent (Ladich & Fine 2006) a Because the slopes differ so much, it was not possible to test whether the intercepts differ significantly. b Log-transformed regression of the form log YZlog aCb log X. The word 'log' was excluded to save space.
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since the intermediate muscle along with the ventral muscle attaches to the wing-like process, a modified epineural rib that pulls the swim bladder forward during sound production (Fine et al. 2007) . The ventral muscle inserts on the lateral tip, and the intermediate muscle inserts medially on the ventral surface of the large spoon-like region of the process in females and on the anterior half of the dorsal surface in males. Muscle fibre diameters are typically smaller in sonic than in trunk muscles, an adaptation for fatigue resistance that increases exchange surfaces and reduces transport distance between myofibrils and mitochondria (Fine et al. 1990 ). The dorsal and ventral fibres in Ophidium barbatum are characteristically small, but the intermediate muscle fibres are many-fold larger, almost equivalent to epaxial fibres (Parmentier et al. 2006a) . The large fibres of the intermediate muscle caused us to question its role in sound production (Parmentier et al. 2006a) . Our finding of a fourfold hypertrophy of the intermediate muscle during the summer suggests that it contributes to male sound production in tandem with the ventral muscle and that sound production outside the mating season probably diminishes.
There is considerable overlap in weights of the dorsal and ventral muscles between seasons, but elevations drop significantly in some cases because of several males with smaller muscles (figure 2). We suggest that the finding is not meaningful biologically. The 52 and 37 per cent drop in dorsal and ventral muscle weights in females occurred despite weight gains in the fish. Sonic muscle atrophy in the mating season has not been previously seen, and suggests little, if any, vocal activity and that muscle tissue catabolism may contribute to egg development.
Androgens stimulate sonic muscle hypertrophy in the toadfishes Opsanus tau and Porichthys notatus (Fine & Pennypacker 1986; Brantley et al. 1993) and weakfish (Connaughton & Taylor 1995) , and seasonal cycles of muscle hypertrophy during the mating season occur in weakfish (Connaughton & Taylor 1994; Connaughton et al. 1997) , haddock ( Templeman & Hodder 1958) and cod (Rowe & Hutchings 2004) , but not in the oyster toadfish O. tau (Johnson et al. 2000) . Unlike these other fishes, the cusk-eel produces sound with muscles that are probably slow and occur in antagonistic pairs (Parmentier et al. 2006b; Fine et al. 2007) . The finding of seasonal hypertrophy of a single muscle suggests androgen dependence in the intermediate but not the dorsal and ventral muscles. Seasonal variation in sonic muscles T. K. Nguyen et al. 709 
